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The rostral migratory stream (RMS) is composed of neuroblasts migrating from the striatal SVZ to the
olfactory bulb through a meshwork of GFAP- expressing astrocytes called the glial tube. So far, the
origin of the glial tube astrocytes was attributed to differentiation of Type-B stem cells of the striatal
SVZ. The true identity of these cells (Type-B stem cells versus immature/mature astrocytes) is also
unclear. By analyzing a neocortex-speciﬁc conditional knockout of the transcriptional repressor Sip1
(Smad-interacting protein 1), we have now identiﬁed a novel pool of progenitors located within the
dorsal SVZ (dSVZ) at early postnatal stages that differentiate into GFAPþ cells of the glial tube. We
show that Sip1, expressed in postmitotic cortical neurons, controls the size of this dorsal progenitor
pool possibly through cell-extrinsic mechanisms. Lack of Sip1 in the neocortex causes an expansion of
this population leading to an increased production of GFAPþ astrocytes/Type-B stem cells in the glial
tube, and a denser intercalation of these cells with Dcxþ neuroblasts of the RMS, the consequence of
which is not yet clear. Neocortex-speciﬁc Sip1 deletion also led to an expansion of Dcxþ and Tbr2þ
progenitor populations in the dSVZ. We show that the dSVZ progenitors (possibly remnants of
embryonic radial glia) differentiate exclusively into BLBPþ cells which migrate into the RMS and
mature into GFAPþ astrocytes/Type-B stem cells at around two weeks of postnatal development. In
summary, our work shows that Sip1 controls the generation of GFAPþ cells of the RMS by regulating
the size of a novel progenitor pool located in the postnatal dSVZ.
& 2012 Elsevier Inc. All rights reserved.Introduction
The rostral migratory stream (RMS) is the most prominent route
of tangential migration of neuronal precursors from the telencepha-
lon towards the olfactory bulb (OB), where they migrate radially into
the different layers of the OB and differentiate into neurons
(Alvarez-Buylla and Garcia-Verdugo, 2002; Brill et al., 2009). The
RMS is comprised of a stream of neuroblasts surrounded by a mesh
of GFAP-expressing glial cells, called the ‘glial tube’, whose primary
function is to ensure proper orientation of migration, provide a
substrate for migration while barricading the neuroblasts from the
surrounding tissue, and to regulate the speed and timing of mitosis
in the RMS (Lim and Alvarez-Buylla, 1999; Lois et al., 1996; Peretto
et al., 2005; Peretto et al., 1997). However, there is a large degree of
uncertainty on the true nature and characteristics of the GFAPþ
glial cells of the RMS, and their precise origin. While some believe
that these are Type-B stem cells, others claim they are protoplasmicll rights reserved.
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andam),astrocytes playing a crucial role in providing directional cues to the
migrating neuroblasts at postnatal and adult stages (Gritti and
Bonfanti, 2007; Lois et al., 1996; Peretto et al., 2005, 1997). What
is also possible is that both these functions are performed by the
same GFAPþ population (Ma et al., 2005). Based on the temporal
and spatial expression patterns of embryonic radial glial markers
such as Nestin, Vimentin and BLBP, and astrocytic markers like
GFAP, few reports have suggested that glial tube astrocytes originate
from radial glial cells, possibly from the striatal SVZ (Marshall et al.,
2003; Merkle et al., 2004; Peretto et al., 2005). Moreover, BrdU
pulse-chase experiments and Ara-C based localized elimination of
mitotic cells has shown that Type-B neural stem cells exist in the
RMS and that they continually generate glial cells in situ (Gritti et al.,
2002; Peretto et al., 2005).
Besides the possible origin of glial tube astrocytes from neural
stem cells of the ventral SVZ, what is uncertain is the contribution of
the dorsal neocortical SVZ (dSVZ) to this end (Marshall et al., 2003).
However, few reports have demonstrated that the dSVZ contributes
cells (including neurons) outside the neocortex (including the RMS
and the OB) (Brill et al., 2009; Suzuki and Goldman, 2003).
Our previous studies have shown that transcriptional re-
pressor Sip1 plays a dynamic role during cortical development
(Miquelajauregui et al., 2007). Within the neocortex, it is a master
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neocortical progenitors, that ﬁne-tune the onset of sequential cell
fate switch in the latter (Seuntjens et al., 2009). The current study
of Sip1-conditional knockouts during postnatal development of the
neocortex has revealed an as yet uncharacterized pool of progeni-
tors in the dSVZ that generate GFAPþ cells of the glial tube. We
show that this pool is expanded and their contribution to the RMS
is enhanced in the absence of Sip1 expression in neocortical
neurons. It seems therefore that the consequences of the non-cell
autonomous functions of Sip1 in the neocortex continue to be
observed at early postnatal stages where Sip1 regulates the size of
a novel astroglial dorsal progenitor population.Materials and methods
Mouse mutants
All mouse experiments were carried out in compliance with
German law and were approved by the Bezirksregierung
Braunschweig. Mice carrying ﬂoxed Sip1 alleles exon7 ﬂanked
by two loxP sites) (Doetsch et al., 1999a) were crossed with two
Cre lines-1. Cre expressed under the Nex promoter (Goebbels
et al., 2006); 2. Cre expressed under the Emx1 promoter (Doetsch
et al., 1999b). These two conditional knockouts have been
referred to as Sip1-NexCre and Sip1-EmxCre, respectively.
BrdU pulse-chase experiments
For birthdating experiments, BrdU (SIGMA, stock concentra-
tion of 10 mg/ml prepared in sterile PBS (phosphate-buffered
saline) was injected intraperitoneally at a ﬁnal concentration of
100 mg BrdU per kg body weight, at various embryonic and
postnatal stages.
Primary antibodies used for immunohistochemistry
We used antibodies against BrdU (Abcam, ab6326, 1:100), GFAP
(Cy3-conjugated, Sigma, C-9205, 1:500), Ki67 (DakoCytomation,
M7249, 1:30) Olig2 (J. Alberta and C. Stiles, Dana-Farber Cancer
Institute, 1:20,000), Dcx (Abcam, ab18723, 1:300), Tbr2 (Abcam,
Ab23345, 1:100), BLBP (Chemicon, AB9558, 1:1000), NeuN (Milli-
pore, MAB377, 1:50), PCNA (Novocastra/Leica Microsystems, NCL-L-
PCNA, 1:100), PH3 (Upstate Biotechnology, 06-570, 1:100), cleaved
Caspase-3 (Cell Signaling, Asp175, 1:100) as primary antibodies and
we used Hoechst dye (Sigma, B2261, 1:500) to stain nuclei.
Tissue processing and immunohistochemistry
P5 and younger brains were dissected and washed in ice-cold
PBS and ﬁxed overnight with 4% paraformaldehyde (PFA) (Wild-
type/vol). Older brains were ﬁrst perfused with 4% PFA, then ﬁxed
overnight the same as before. This was followed either by
progressive alcohol-assisted dehydration and parafﬁn embedding,
or by treatment with cryopreservant sucrose followed my embed-
ding in TissueTek. Accordingly, 10 mm thick coronal or saggital
sections were cut either on a microtome or a cryostat. For
immunostaining parafﬁn sections, the sections were ﬁrst rehy-
drated, followed by antigen unmasking (Vector Laboratories) and
pretreatment with 2 N HCl (for labeling involving antibody
against BrdU). Cryosections were warmed to room temperature
and postﬁxed in 4% PFA for 2 min. All sections were blocked for
1 h at room temperature with a solution of 0.1% Tween20 (vol/
vol) or 0.1% TritonX-100 and 1% BSA (weight/vol) in PBS. This was
followed by application of the primary antibodies. All antibodies
were incubated with slides overnight at 4 1C except for theantibody to GFAP, which was incubated for not more than
45 min at room temperature. Alexa Fluor-tagged secondary anti-
bodies (Molecular Probes, Invitrogen) were used at a dilution of
1:500 for 50 min at room temperature. All sections were mounted
in ﬂuorescent mounting medium (DakoCytomation, s3023).
Image processing and quantiﬁcation
Images were procured on a Leica Confocal Microscope. Image
processing (contrast-enhancement, assembly into montages),
analysis and quantiﬁcation were carried out using Adobe Photo-
shop CS4, CS5 and ImageJ. Images used for quantiﬁcation of the
phenotype were procured at 10241024 pixel resolution. Quan-
tiﬁcation was done in the following way – 1. GFAP in dSVZ at P8 –
we calculated the area of GFAP expression at P8 in an area of
0.16 mm2 within the dorsal neocortex including the SVZ. For this,
unsaturated images of GFAP expression were procured on the
Leica Confocal Microscope. These images were then binarised on
ImageJ and the area of expression was then calculated in Pixels.
This value was then converted into physical area in mm2, based on
the microscope settings and the information provided thereby; 2.
Ki67 in dSVZ at P8— we calculated the proportion of Ki67þ cells
at P8 in an area of 0.16 mm2 within the dorso-medial neocortex
including the SVZ. For this, the number of Ki67þ cells was divided
by the total number of cells (labeled by Hoechst); 3. Dcx in dSVZ at
P8 — we calculated the area of expression of Dcx within the same
region of the dSVZ (an area of 0.0135 mm2) in Wildtype and Sip1-
NexCre and normalized the latter to the former; 4. Tbr2 in dSVZ at
P8 — we calculated the proportion of Tbr2þ cells over the total
number of cells within an area of 0.14 mm2 in the dSVZ; 5. Cleaved
Caspase 3 in dSVZ at P8— we quantiﬁed the proportion of positive
cells over the total number of cells in an area of 0.02 mm2 within the
dSVZ; 6. GFAP in the RMS at P15— we quantiﬁed the area of GFAP
expression in the RMSSVZ and the RMSelbow in an area of 0.02 mm
2.
The quantiﬁcation was done as described before; 7. BrdU in the RMS
at P15—we quantiﬁed the proportion of BrdUþ cells in the RMSSVZ
and RMSelbow at P15 in an area of 0.02 mm
2 within the respective
regions. The number of BrdUþ cells was divided by the total number
of cells (labeled by Hoechst); 8. Dcx in the RMS at P15 — we
calculated the normalized area of Dcx expression (as described above)
within an area of 0.14mm2; 9. PH3, PCNA in the RMS at P15 — we
quantiﬁed the proportion of the total number of PH3þ or PCNAþ
cells over the total number of cells within an area of 0.14 mm2 in the
RMSSVZ; 10. BLBP in the RMS at P15— we calculated the normalized
area of BLBP expression (as described above for GFAP) within an area
of 0.14mm2 in the RMSSVZ. For both control and Sip1-NexCre
cortices, all quantiﬁcations were done in three brains per genotype
obtained from either two or three independent litters. An average of
these three values is then reported. For statistical analysis, Student’ t-
test was done using Microsoft Excel.
In utero electroporation
This procedure was carried out as described before
(Kirschenbaum et al., 1999; Lois and Alvarez-Buylla, 1994).
Brieﬂy, pregnant females were anesthetized using Isoﬂuran.
Embryos from either side of the uterine wall were pulled out.
The plasmid solution (CAG-VenusGFP at concentrations ranging
from 0.5 to 1.5 mg/mlþFast Green dye) was injected into one or
both lateral ventricles using a ﬁne capillary, electrodes were placed
on either side of the head, and an electric pulse was applied. After all
the embryos were electroporated, they were placed back into the
abdominal cavity and the cut in the body wall was sutured. Post
operation, the animals were given a one time injection of Tamgesic
as the prescribed pain killer. They were then returned to the cage
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The pups were sacriﬁced at the desired time point.
In vivo electroporation at postnatal stages
This procedure was performed as described before (Lois and
Alvarez-Buylla, 1994). Brieﬂy, either one or both lateral ventricles
of anesthetised pups at postnatal day 1 were injected with the
plasmid solution (CAG-VenusGFP at concentrations ranging from
0.5 to 1.5 mg/mlþFast Green dye), under the illumination of a ﬁber
optic light source. Six Square pulses of 50 ms duration, 50 V were
applied to the pups. Upon recovery, the pups were returned to
their mother. The procedure was non-surgical and carried out
without the aid of a stereotactic device.Fig. 1. Lack of Sip1 in postmitotic neurons causes an enlarged lateral ventricle, expan
detected Sip1 protein expression (by immunostaining) in most cortical plate neurons in
expression. Also, at this stage, the neocortex is thinner in Sip1-NexCre in comparison
Wildtype and Sip1-NexCre based on a pan-nuclear Dapi staining indicated that in the a
the white matter of the neocortex are highly reduced. The RMS of neuroblasts migrating
rostro-caudal axis and thicker along the dorso-ventral axis, with a more disorganized
medio-lateral levels at P8. The white arrows indicate the direction of the RMS from SVZ
the dSVZ in Sip1-NexCre is larger than in the Wildtype. ((G) and (H)) The expansion oResults
Loss of Sip1 expression in neocortical neurons leads to gross
morphological changes in the postnatal forebrain
Sip1, while expressed at high levels during embryogenesis
within the neocortex (Seuntjens et al., 2009), shows a progressive
decline in expression levels during early postnatal development.
By the end of the ﬁrst week, few cells within the neocortex
continue to express Sip1 protein. At P4, a considerable amount of
Sip1 could be detected in cortical neurons (Fig. 1(A)). In order to
ascertain what, if any, functions Sip1 might have in postnatal
corticogenesis, and due to the early embryonic lethality of the
Sip1 knockout mice (Nadarajah and Parnavelas, 1999), we createdded dSVZ, and a thicker and shorter RMS at early postnatal stages. (A) At P4, we
Wildtype brains. (B)In Sip1-NexCre, most cells lacked any detectable levels of Sip1
to the Wildtype. ((C) and (D)) A gross morphological analysis and comparison of
bsence of Sip1, the lateral ventricle (LV) is enlarged, and the gray matter as well as
from the subventricular zone (SVZ) to the olfactory bulb (OB) is shorter along the
distribution of migrating cells. Shown here are saggital sections at comparable
to OB. ((E) and (F)) A closer look at the Dapi-stained neocortex at P4 showed that
f the dSVZ in Sip1-NexCre can be seen until P15. Scale bar¼100 mm.
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mice carrying ﬂoxed Sip1 alleles with mice transgenic for Cre
recombinase expressed under the Nex promoter (mutants are
called Sip1-NexCre henceforth). Owing to the speciﬁcity of Nex
expression in postmitotic cortical neurons (Goebbels et al., 2006;
Seuntjens et al., 2009), our model achieves Sip1 deletion in the
differentiated cells of the neocortex and not in the germinal zone
(VZ/SVZ), starting at E11.5. However, both Nex and Sip1 are
strongly expressed within the OB (personal communication,
V. Tarabykin; (Goebbels et al., 2006)). The NexCre line used in
this study shows recombination and reporter expression in the
olfactory bulb in the adult mouse, but not at embryonic stages
(Goebbels et al., 2006). Hence, Sip1 deletion likely occurs in the
OB as well, but since our study involves investigation of Sip1
functions in the neocortex, the phenotype in the OB was not
studied. Immunostaining of Sip1-NexCre neocortex showed that
while most cells lacked detectable levels of Sip1 expression, a few
cells continued to express it at P4 (Fig. 1(B)). We speculated that
these cells either escaped Cre-mediated recombination or that
they are interneurons born in the ganglionic eminences where
Sip1 was not deleted, and that tangentially migrated into the
neocortex. We also generated a second set of conditional mutants
by crossing mice carrying ﬂoxed Sip1 alleles with mice carrying
Cre recombinase under the Emx1 promoter. The Emx1 promoter
is active in all cortical progenitors starting from E9.5 (Doetsch
et al., 1999b). Although, in contrast to Sip1-NexCre, this line
achieves Sip1 deletion in all cortical progenitors besides post-
mitotic cells, we observed similar phenotypic effects in both
conditional knockouts. Hence, while most data/ﬁgures shown
below are results of experiments done on Sip1-NexCre and
control Wildtype, some are results of experiments done on
Sip1-EmxCre.
A comparison of the overall architecture of the telencephalon
revealed gross morphological differences between Wildtype and
Sip1-NexCre (shown in Fig. 1(C) and (D) along the saggital plane
and in Suppl. Fig. 1(A) and (B) along the coronal plane at P8).
Possibly due to the thinning of the corpus callosum, reduction of
the neocortex by almost half the normal size and a highly reduced
hippocampal formation (reported previously) (Miquelajauregui
et al., 2007; Seuntjens et al., 2009), the lateral ventricle in these
mutants is highly enlarged (Fig. 1(C) and (D), Suppl. Fig. 1 (A)
and (B)). Consequently, the mutant RMS appears shorter along the
antero-posterior axis, but thicker along the medio-lateral and
dorso-ventral axes (Fig. 1(C) and (D)).
Enhanced expression of stem cell markers in the expanded dSVZ of
Sip1 conditional mutants
A pan-nuclear Dapi staining of the mutant neocortex at early
postnatal stages (P4–P15) drew our attention to an abnormally
expanded SVZ (Fig. 1(E)–(H)). We found that there are many more
cells within the dSVZ of the Sip1-NexCre neocortex in comparison
to the Wildtype. During the ﬁrst 2 weeks of postnatal develop-
ment, the expansion of dSVZ decreases progressively until P17, at
which stage no differences can be observed any longer between
Wildtype and Sip1 conditional knockouts. Owing to the much
larger lateral ventricle in the mutant, the surface area of the dSVZ
was also consequently increased. We also found that this pheno-
type is consistently stronger in the area of the neocortex closer to
the midline than in more lateral regions. The term dorso-medial
SVZ will be used henceforth to loosely refer to that part of the
dSVZ which lies closer to the midline as opposed to the more
dorsal and lateral regions.
Since the SVZ is the remnant of a germinal zone and in the
striatum, is know to be composed of neural stem cells and
different kinds of restricted progenitors, we next checked theexpression of molecular markers speciﬁc to these cells. Numerous
studies of the sub-ependymal zone, also known as the striatal SVZ
or SVZ of the ventral telencephalon (vSVZ), have shown that they
are comprised of the following cell types — the slow-dividing
Type-B stem cells that express GFAP and subsequently divide and
specify into the fast-dividing EGFR-expressing Type-C cells or
transit-amplifying cells, which then give rise to migratory neuro-
nal precursors called neuroblasts that express Doublecortin, PSA-
NCAM, and the proliferation marker Ki67 (Alvarez-Buylla and
Garcia-Verdugo, 2002; Doetsch et al., 1999a).
We began by immunostaining for Ki67 in order to assess the
overall level of proliferation in the neocortex. Ki67 is expressed in
all phases of the cell cycle, and is hence indicative of all mitotic
activity (Ostertag et al., 1987; Shibata and Burger, 1987). We
found that there is twice higher proportion of Ki67þ cells within
the dSVZ in Sip1-NexCre, when compared to the Wildtype (11.2%
in Wildtype versus 22.7% in Sip1-NexCre, p value¼0.019, n¼3,
from three independent litters; Fig. 2(E) and (F)–(P)). This
difference decreases gradually with age, such that at P15, no
differences in proliferation can be detected anymore in the dSVZ.
Immunostainings for the various stem cell markers showed that
concomitant with the increase in the proportion of Ki67 cells,
there is also an expansion of GFAPþ Type-B cells within the dSVZ
during the ﬁrst two weeks of postnatal development (shown at P8
in Wildtype and Sip1-NexCre, Fig. 2(A) and (B); at P15, Fig. 2
(C) and (D); at P8 in Wildtype and Sip1-EmxCre, Suppl. Fig. 2
(A) and (B)) especially, in the region closer to the midline. We
normalized the area of GFAP expression with respect to the
Wildtype value, and found a 2.94-fold higher area of expression
in Sip1-NexCre, at P8 (p value¼0.016, n¼3, from three indepen-
dent litters; Fig. 2(O)). This phenotype was expected, based on our
previous studies of the Sip1-conditional knockouts, showing
increased postnatal gliogenesis (Seuntjens et al., 2009). Interest-
ingly, we detected expression of Ki67 in many GFAPþ cells
(Suppl. Fig. 2 (C)), suggesting the existence of a population of
cells in the dSVZ that are similar to the Type-B stem cells of the
ventral telencephalon. This hypothesis was strengthened by the
fact that we also found increased expression of the neural
progenitor marker, Nestin, in the dSVZ of Sip1-NexCre and Sip1-
EmxCre (Suppl. Fig. 2 (D) and (E)). Like in case of GFAP, the
expansion of Nestinþ population was also stronger in the region
of the neocortex closer to the midline. Most Nestinþ cells
coexpressed Ki67 in both Wildtype and Sip1-NexCre, and were
hence, proliferative (Suppl. Fig. 2 (D) and (E)). Finally, several
GFAPþ cells in the neocortex coexpressed BLBP, expressed in
astrocytic radial glial cells and transiently in immature astrocytes,
especially at postnatal stages (Brunne et al., 2010; Dasgupta and
Gutmann, 2005; Nieto et al., 2001). Some of these GFAPþBLBPþ
cells had the morphological appearance of differentiating proto-
plasmic astrocytes (shown in Sip1-EmxCre at P10, Suppl. Fig. 2
(F) and (G)). Expression of BLBP was also seen lining the lateral
ventricle (Suppl. Fig. 2 (F) and (G)). Next, we looked at the
expression of EGFR, which is speciﬁc to transit-amplifying cells
of the striatal SVZ, and did not ﬁnd any signiﬁcant differences
(data not shown).
While there is no evidence of postnatal neurogenesis originat-
ing in the neocortex, the latter is nevertheless known to be a
source of oligodendrocytes and astrocytes (Parnavelas, 1999;
Sauvageot and Stiles, 2002). Our observation of GFAPþ cells and
BLBPþ cells in and around the dSVZ corroborates these ﬁndings
(Fig. 2 (A)–(D); Suppl. Fig. 2 (F) and (G)). Besides these, we looked
for the presence of other glial progenitors in postnatal neocortex,
and found a larger number of Olig2þ cells, in accordance with our
previously published work (Fig. 2(I) and (J)) (Seuntjens et al.,
2009). Interestingly, however, these Olig2þ cells were not loca-
lized within the expanded dSVZ, but rather outside this zone,
Fig. 2. Expanded dSVZ and dmSVZ in Sip1-NexCre are composed of proliferating cells expressing Type-B and Type-A stem cell markers. ((A) and (B)) We observed
increased GFAP expression in the dSVZ in Sip1-NexCre in comparison to Wildtype; shown here are frontal sections at P8, the boxed area is quantiﬁed in (O). ((C) and (D))
During the ﬁrst two weeks of postnatal development and until P15, we continued to observe this difference. ((E) and (F)) At P4, we detected a higher number of Ki67þ
dividing cells within the expanded SVZ in Sip1-NexCre than in the Wildtype, the white boxes depict the region that was quantiﬁed; the results of the quantiﬁcation at P8
are shown in (P). ((G) and (H)) Most cells of the expanded SVZ also expressed the neuroblast marker Dcx. ((I) and (J)) Most cells of the expanded SVZ do not express the
glial precursor marker Olig2. ((K) and (L)) In both Wildtype and Sip1-NexCre, we detected Dcx expression in most Ki67þ cells of dSVZ, while very few cells expressed
Olig2. Shown here is an overlay of Dcx, Ki67 and Olig2 immunostainings on the same tissue section. ((M)–(N)) Higher magniﬁcation of boxed areas in (K) and (L),
respectively. (O) At P8, we detected at 3-fold increase in the area of GFAP expression in the dSVZ in Sip1-NexCre in comparison to the Wildtype (*p value¼0.016, n¼3,
from three independent litters). (P) We quantiﬁed the increase in the proportion of Ki67þ cells at P8 in Sip1-NexCre and found a two fold increase (#p value¼0.019, n¼3,
from three independent litters). (Q) We quantiﬁed the increase in the relative area of Dcx expression in an area of 0.0135 mm2 within the dSVZ in Sip1-NexCre at P8 and
found a 2.1-fold increase ($p value¼0.0017, n¼3). Error bars indicate SEM. Scale bar¼100 mm. LV, Lateral Ventricle; CP, Cortical Plate.
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of the mutant dSVZ may not correspond to the Olig2þ subtype of
glial progenitors. Alternatively, these could be either BLBPþ
subtype of astrocytic precursors, or neuronal progenitors. To test
for the presence of neuronal progenitors, we immunostained the
cortex for neuroblast markers Dcx and PSA-NCAM. Interestingly,
we observed an increase in the proportion of Dcxþ cells within
the dSVZ until P8, after which this effect subsided (Fig. 2(G) and
(H)). We quantiﬁed this effect at P8 in an area of 0.0135 mm2
within the dSVZ and observed a 2.1-fold increase in the relative
area of Dcx expression (p value¼0.0017, n¼3, Fig. 2(Q)). Because
of the cytoplasmic nature of Dcx staining, and the high density of
arrangement of cells, it is difﬁcult to accurately count the number
of Dcx cells, hence we calculated the area of Dcx staining and
normalized the Sip1-NexCre values to Wildtype values. Also, most
Ki67þ cells within the mutant dSVZ were found to express Dcx,
(Fig. 2(K) and (L); at higher maginiﬁcation, Fig. 2(M) and (N)).
Altogether, our observations suggested that there is an expansion
of both the GFAPþ (that could likely be Type-B cells) as well as
the Dcxþ (possibly neuroblasts) cell types within the mutant
dSVZ along with an overall increase in proliferation (based on
Ki67 expression).
Furthermore, at P10, we observed a decrease in the expression
of NG2 in the mutant dSVZ, suggesting a reduction in the number
of oligodendrocytic progenitors, although NG2 expression within
the neocortex remained unchanged (data not shown).
For a long time, the existence of neuronal progenitors within
the postnatal dSVZ was unreported, until recently when Brill et al.
demonstrated the continued production of olfactory bulb juxtaglo-
merular interneurons by Tbr2þ progenitors localized within the
dorsal neocortex in adult mice (Brill et al., 2009). Since the excess
progenitors in Sip1-conditional knockouts seem to be neurogenic
(because of Dcx expression), we studied the expression of Tbr2 in
this region. At P8, we detected Tbr2þ cells in Wildtype dSVZ,
especially in the region close to the cortical midline, and found an
increase in the number of these cells within the expanded dSVZ in
both Sip1 conditional knockouts (Fig. 3(A) and (B), Suppl. Fig. 2
(H) and (I)). In Sip1-NexCre, we found an approx. 3.5-fold increase in
the percentage of Tbr2þ cells quantiﬁed within the dorso-medial
region of the dSVZ (the region where we observed the most Tbr2
expression in both Wildtype and the Sip1-conditional knockouts;
3.5% inWildtype versus 11% in Sip1-NexCre, p value¼0.00089, n¼3,
Fig. 3(C)). While few Tbr2þ cells also expressed Ki67, and were
hence in the cell cycle, others did not and had presumably, exited
the mitotic cycle (Fig. 3(D) and (E)). Some, but not all Tbr2þ cells
also expressed GFAP (Fig. 3(F) and (G); arrows point to double-
labeled cells).
While there is an increase in the overall level of proliferation in
Sip1-NexCre dSVZ, we asked whether this overproliferation could
lead to enhanced cell death, as a compensatory response, within
the SVZ as well. We stained Wildtype and mutant tissue for
cleaved Caspase-3 (an activated form of Caspase-3 detected
during apoptosis). True to our expectations, we found a higher
proportion of cleaved Caspase3þ cells in the mutant dSVZ
(Fig. 3(H)–(J)). We found a 3.7-fold increase in the percentage
of cleaved Caspase 3þ cells in Sip1-NexCre dSVZ versus Wildtype
at P8 (0.95% in Wildtype versus 3.56% in Sip1-NexCre,
p value¼0.015, n¼3, Fig. 3(H)).
Sip1 deletion leads to enhanced expression of GFAP along the rostral
migratory stream
As mentioned earlier, the primary function of postnatal stem
cells in the vSVZ is believed to be generation of inhibitory
interneurons in the OB, by generating neuroblasts that migrate
through an astroglial mesh along the RMS to reach their ﬁnallocation. After analyzing the neocortex in the Sip1 mutants, we
next studied the RMS and the various cell types constituting it in
these mutants. The RMS can be roughly subdivided into three
regions— the region closest to the SVZ and the lateral ventricle is
RMSSVZ, followed by RMSelbow which is where the stream
switches directions towards the OB, and ﬁnally RMSOB which is
the anterior-most part, most of which lies inside the OB. Between
P10 and P15, we observed a dramatic increase in GFAP expression
along the RMS (Fig. 4(A), (B), (E) and (F)). While in the RMSsvz the
area of GFAP expression was enhanced by 3.2-folds (p
value¼0.038, n¼3, from three independent litters) in Sip1-
NexCre in comparison to the Wildtype, in the RMSelbow we
detected a 3.7-fold increase in Sip1-NexCre (p value¼0.028,
n¼3, from three independent litters) (Fig. 4(E) and (F)). Although
differences in the area of GFAP expression may not correlate
directly with the number of GFAPþ cells, we believe that it is
highly likely that the increase in GFAP area of expression is due to
a higher number of GFAP-expressing cells rather than an increase
in GFAP expression within each cell. This is because we con-
comitantly observed an increase in the total number of cells
(based on Dapi staining of nuclei) within the regions quantiﬁed,
and we found no differences in the level of expression of other
RMS-speciﬁc markers. Immunohistochemical analysis of Sip1
expression in Wildtype postnatal animals showed that Sip1 is
not expressed in the RMS (Fig. 4(I) and (L). Because both Nex and
Sip1 are strongly expressed within the OB, we limited our analysis
of the postnatal brain to the neocortex and the RMS (personal
communication, V. Tarabykin) (Goebbels et al., 2006). We rea-
soned that whatever molecular and morphological changes we
might observe in the RMS must be due to Sip1 deletion within the
neocortex and not the OB that lies ahead of the RMS and hence
has extremely low probability of contributing to the cellular
composition of the latter.
In Wildtype brains, the dorsal and ventral edges of the RMS,
when seen on saggital cross-sections, usually consist of GFAPþ
astrocytes and NG2þ oligodendrocytic precursors, while the
majority of neuroblasts are located in the middle of the stream
(Lavdas et al., 1999). A closer look at the distribution of GFAPþ
cells and Dcxþ neuroblasts within the Sip1-NexCre RMS indi-
cated that the meshwork of the former around the neuroblasts is
much denser in comparison to the Wildtype RMS at P15 (Fig. 4(G),
(H), (J) and (K)). In other words, GFAPþ cells are more closely
intercalated with the neuroblasts in the Sip1-NexCre RMS than in
the Wildtype; they are distributed not only along the dorsal and
ventral edges of the RMS but also within the RMS.
Next, we studied the expression of BLBP in the RMS. Although
the functions of BLBPþ cells within the RMS is not clear, our own
observations as well as that of others show that they line the
dorsal and ventral edges of this stream, when seen on saggital
sections (Fig. 4(C); Fig. 7(D)) (Peretto et al., 2005). As mentioned
earlier, BLBP is expressed in astrocytic radial glial precursors
(remnants of embryonic radial glial cells) and/or immature
astrocytes. We found the distribution of BLBPþ cells to be highly
distorted in Sip1-NexCre at P8 (Fig. 4(C) and (D)). In Wildtype
forebrain, BLBPþ cells are lined in a continuous stream along the
dorsal and ventral edge of the RMS, outside the stream of Dcxþ
neuroblasts. On the other hand, in Sip1-NexCre, most BLBPþ cells
of the RMS are localized within the RMS, and dispersed amongst
the migrating neuroblasts (Fig. 4(C) and (D)). We quantiﬁed the
area of expression of BLBP at P15, did not ﬁnd any differences in
the proportion of BLBP expression between Wildtype and Sip1-
NexCre (Suppl Fig. 4 (E), (F) and (I)).
Due to the observed expansion of Dcxþ and Tbr2þ popula-
tion in the Sip1 conditional knockouts (Fig. 2(G), (H) and (Q),
Fig. 3(A)–(C)), we next checked the possibility of increased neuro-
genesis in the RMS, and performed immunostaining for the marker
Fig. 3. Expansion of Tbr2þ neuronal progenitor population in the dSVZ coinicides with increased apoptotic cell death in Sip1-conditional knockouts. ((A)–(B)) Expression
of neuronal progenitor marker Tbr2 was analyzed in coronal sections of Wildtype and Sip1-NexCre brains at P8. We found a higher number of Tbr2þ cells in the dSVZ in
Sip1-NexCre. (C) Quantiﬁcation of the percentage of Tbr2þ cells over the total number of cells in an area of 0.14 mm2 within the dSVZ shows a 3.5-fold increase in Sip1-
NexCre at P8 (*p value¼ 0.00089, n¼3). ((D) and (E)) Very few Tbr2þ cells in both Wildtype and Sip1-EmxCre coexpressed Ki67. ((F) and (G)) Similarly, very few Tbr2þ
cells in both Wildtype and Sip1-EmxCre coexpressed GFAP. Most Tbr2þ cells in the expanded dSVZ are therefore, neither proliferating nor a Type-B stem cell. (LV, lateral
ventricle). (H) Quantiﬁcation of the proportion of cleaved Caspase 3þ cells in the dSVZ at P8 in Wildtype and Sip1-NexCre. Our results indicate a 3.7-fold increase in the
latter (#p value¼0.015, n¼3). ((I) and (J)) We immunostained Wildtype and Sip1-EmxCre cortices at P10 for cleaved Caspase-3 to analyze the level of apoptosis, and
detected more apoptotic cells in the dSVZ in Sip1-EmxCre (shown by arrows) when compared to the Wildtype. The corresponding Dapi stained images are overlaid on
cleaved Caspase-3 staining for reference. Error bars indicate SEM. Scale bar¼100 mm.
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and the marker of neuroblasts Dcx at P14 (HuC/D data not shown,
Suppl Fig. 4 (A) and (B)). We did not see any differences in either
(Suppl Fig. 4 (A) and (B)). We quantiﬁed Dcx expression in the
RMSSVZ at P15 and did not ﬁnd any signiﬁcant differences between
Wildtype and Sip1-NexCre (Suppl Fig. 3 (I)). Due to the cytoplasmic
staining of Dcx, we calculated the area of Dcx expression within a
0.14 mm2 area in the RMSSVZ, and normalized the Sip1-NexCre
values to Wildtype values.Several reports have claimed that GFAP expression within the
glial tube of the RMS is indicative of multipotent Type-B neural
stem cells (Gritti and Bonfanti, 2007). It has also been reported
that several cells within the RMS undergo mitotic cell divisions;
there are multipotent neural progenitors (Type-B, Type-C, as well
as neuroblasts) residing within the RMS, and that some of them
are in fact generated in situ (Gritti et al., 2002). Hence, an increase
in GFAP expression could possibly mean an increase in Type-B
cells, some of which could be mitotic at the time of analysis.
A. Nityanandam et al. / Developmental Biology 366 (2012) 341–356348To ascertain this fact, we checked the expression of phosphory-
lated-Histone 3 (PH3), which is expressed by dividing cells during
the M-phase. As expected we detected several mitotically active
cells within the RMS in both Wildtype and Sip1-NexCre, butfound no differences between the two (Suppl. Fig. 4 (C), (D) and
(G)). Next we checked for differences in the level of proliferation
within the RMS by staining for PCNA and Ki67, and detected no
obvious differences (Suppl Fig. 4 (E), (F) and (H)). The above data
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the RMS in Sip1-NexCre. On the other hand, we found no
differences in the level of apoptosis either, based on immunos-
tainings for cleaved Caspase-3; very few apoptotic cells were seen
in both Wildtype and Sip1-NexCre (data not shown). This would
suggest that the excessive generation of GFAPþ cells within the
RMS is not a transient phenotype and that it might have a longer-
lasting consequence on postnatal neurogenesis in Sip1 condi-
tional knockouts.Expanded dSVZ contributes glial cells, not neurons,
to the neocortex
We then asked, what could be the fate of the expanded dorsal
progenitors in the Sip1 conditional knockouts? We used BrdU
pulse-chase experiments as a tool to address this question.
Wildtype and Sip1-NexCre pups were administered BrdU intra-
peritoneally at P2, and sacriﬁced at P15. By performing double-
immunostainings for BrdU and various neuronal and glial mar-
kers, we set out to determine the fate of BrdU labeled cells, and
hence the cells that were dividing at the time of BrdU injection.
At ﬁrst, we looked at those BrdU-labeled cells that were
localized within the neocortex at P15. We found that none of
these cells expressed the pan-neuronal marker NeuN, and hence
were unlikely to be neurons (Fig. 5(A) and (B)). On the other hand,
many expressed GFAP and/or BLBP in both Wildtype and Sip1
conditional knockouts, suggesting that they could be mature
astrocytes, as would be expected from our previous studies (BrdU
labeled at P4, analyzed at P15, Fig. 5(C) and (D)) (Seuntjens et al.,
2009). Interestingly however, it seemed to us that the number of
BrdU labeled cells (P2) that ended up within the mutant
neocortex 13 days after BrdU administration, was far fewer than
the overall number of proliferating cells at the time of BrdU
injection (Fig. 5(A) and (B)). Although, at P15 there were more
P2-labeled BrdUþ cells within the neocortex in Sip1-NexCre in
comparison to the Wildtype, especially below layer 6, this
difference did not seem as large as the difference in the propor-
tion of Ki67þ and PCNAþ cells seen earlier (Fig. 5(A) and (B);
Fig. 2(E), (F) and (P)). To some extent, this would be expected
since BrdU only labels those cells that are in the S-phase of the
cell cycle, and not all dividing cells. However, this observation
also raised two other possibilities— ﬁrst, that some if not several
of the cells dividing at P2 might have been eliminated by
apoptosis; and second, that during those 13 days, some of the
dividing cells might have differentiated and migrated away from
the neocortex.
In order to address the ﬁrst possibility, we studied the level of
cleaved Caspase-3 in cells of the neocortex, the former being
indicative of apoptosis. As mentioned earlier, in the mutant dSVZ,
we found more cells immunostained for cleaved Caspase-3, in
comparison to the Wildtype (Fig. 3(H) and (I)). This would provide
a partial explanation for two of the phenotypic effects observed in
Sip1 mutants — One, increased proliferation in the mutant dSVZFig. 4. Increased expression of GFAP and intercalation of GFAPþ cells with RMS neur
higher expression of GFAP within and around the entire length of the RMS at P15 in Sip
(RMSSVZ) as well before the RMS turns towards the OB (RMSelbow). Note the enlarged LV
the direction of the RMS from SVZ to OB. ((C) and (D)) A closer look at the distribution
distributed largely along the dorsal and ventral edges of the RMS, with very few cells wi
instead of along the edges (white arrows). (E) Quantiﬁcation of enhanced GFAP expres
expression in Sip1-NexCre in comparison to the Wildtype (*p value¼0.038, n¼3, from
RMSSVZ. We calculated an approx. 3.7-fold increase in the area of GFAP expression in
independent litters). ((G) and (H)) We then looked at the distribution of these GFAPþ c
in (G) and (H), respectively. In the Wildtype RMSSVZ, GFAPþ cells are localized outside
into the network of neuroblasts (white arrows). ((J) and (K)) In the Wildtype RMSelbow, t
largely distributed within the RMS and not along the edges (white arrows). Blue b
Immunohistochemical staining for Sip1 at P15 shows that in both the RMSSVZ as well
A, anterior; P, posterior). Error bars indicate SEM. Scale bar¼100 mm.can no longer be detected after P14; Second, fewer BrdUþ cells
labeled at P2 can be seen within the neocortex at P15.
We suspected most P2-labeled BrdUþ cells within the neo-
cortex to be GFAPþ cells at P15, based on our earlier observation
of enhanced gliogenesis during late embryonic development
(Seuntjens et al., 2009). Double immunostainings for BrdU and
GFAP (or BLBP) showed that indeed, almost all BrdUþ cells within
the neocortex differentiate into glial cells (Fig. 5(C) and (D)). In
order to ensure that none of the cells that were dividing at P2
were still proliferative at P15, we checked the expression of Ki67
and PCNA in BrdU-labeled cells within the neocortex, and found
no colocalisation either in the Wildtype or in the mutant
(Fig. 5(E) and (F)). Also, none of these BrdU-labeled cells were
apoptotic at this stage, since we could detect no colocalisation
between BrdU and cleaved Caspase-3 at P15 (Fig. 5(G) and (H)).
Altogether, we concluded that at least a subpopulation of pro-
liferating cells at P2 differentiate into glial cells, but not neurons,
within the neocortex in Wildtype as well as Sip1 mutants. Also,
none of these cells born at P2 and localized within the neocortex
at P15 are proliferative, either in Wildtype or in Sip1-NexCre.
Although we could not check expression of oligodendrocytic
precursor markers like NG2 (due to technical difﬁculties in
performing BrdU/NG2 double immunostaining), we do expect
some BrdUþ cells labeled at P2 to differentiate into oligoden-
drocytes within the neocortex (Richardson et al., 2006; Sauvageot
and Stiles, 2002).Expanded dSVZ cells differentiate into GFAPþ cells
of the glial tube
Extensive studies of vSVZ in adult rodents resulted in the
establishment of the RMS as the most prominent, and probably
the only, route of migration of neuronal precursors from the
telencephalon towards the OB. In order to address the second
possibility of dSVZ-generated cells migrating away from the
neocortex, we studied the RMS in Wildtype and Sip1-NexCre
brains. We reasoned that due to the physical proximity of the
medial portion of dSVZ (also the region with a stronger pheno-
type) to the RMS, if neocortical progenitors were to differentiate
into neurons and migrate away from the neocortex, there is a very
high probability that they would use the route taken up by
neuroblasts originating in vSVZ. Once again, we performed BrdU
pulse-chase experiments by administering BrdU intraperitoneally
at P4 and tracing the fate of labeled cells to P15. Saggital cross-
sections through Wildtype and Sip1-NexCre brains were then
immunostained for BrdU in combination with markers for cell
types commonly found in the RMS.
It has been reported that during adult neurogenesis, cells born
at the vSVZ take approx. 11 days to reach the OB, where they
differentiate into granule cells and periglomerular interneurons.
Retroviral labeling and tritiated Thymidine-based fate mapping
has shown that it takes 7 days for the majority of vSVZ cells
labeled at a single time point to reach RMSOB and 15 days to reachoblasts in Sip1-NexCre at early postnatal stages. ((A) and (B)) We observed much
1-NexCre in comparison to the Wildtype. This was observed both close to the SVZ
and thinner neocortex and white matter in Sip1-NexCre. The white arrows indicate
of GFAPþ cells (white arrows) along the RMS shows that in the Wildtype they are
thin the RMS. However, in Sip1-NexCre, GFAPþ cells are localized within the RMS,
sion in the RMSSVZ. We observed an approx. 3.2-fold increase in the area of GFAP
three independent litters). (F) Quantiﬁcation of enhanced GFAP expression in the
Sip1-NexCre in comparison to the Wildtype (*p value¼0.028, n¼3, from three
ells in relation to Dcxþ neuroblasts. White boxed areas in (A) and (B) are enlarged
the chain of neuroblasts, while in Sip1-NexCre RMSSVZ they are closely integrated
hey are distributed along the two edges of the RMS, while in Sip1-NexCre they are
oxed areas in (A) and (B) are enlarged in (J) and (K), respectively. ((I) and (L))
as in the RMSelbow, no expression of Sip1 can be detected. (D, dorsal; V, ventral;
Fig. 5. Expanded dSVZ in Sip1-conditional knockouts does not cause abnormal neurogenesis or aberrant mitotic activity either in the RMS or in the neocortex at early
postnatal stages. ((A) and (B)) We traced the fate of dSVZ cells speciﬁed at early postnatal stages to the neocortex at P15. For this, BrdU was administered intraperitoneally
into Wildtype and Sip1-NexCre pups at P2, followed by analysis of the neocortex at P15. We immunostained the neocortex for BrdU and NeuN and found no colocalisation
in either the Wildtype or Sip1-NexCre. ((C) and (D)) A large number of BrdUþ cells (labeled at P4) coexpressed GFAP at P15 in both Wildtype and Sip1-NexCre neocortex
(colocalisation indicated by white arrows). ((E) and (F)) None of the cells speciﬁed at P2 continued to proliferate at P15 in either condition, based on co-immunostaining for
Ki67. ((G) and (H)) None of these cells were apoptotic either, since we found no colocalisation of BrdU with cleaved Caspase-3. Scale bar¼100 mm.
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Alvarez-Buylla, 1994; Luskin, 1993). Hence, we decided to pulse
at P4 and chase to P15. One limitation of this experiment is that
BrdU intraperitoneal injections are non-speciﬁc and hence, would
label proliferating cells in both ventral as well as dSVZ. However,
since in Sip1-Nex mutants, Sip1 expression and presumably,
function remains unperturbed in the basal ganglia, any difference
in the number or distribution of BrdUþ cells mapped from P4 to
P15 would imply a phenotypic consequence of the expanded
dSVZ in Sip1-NexCre animals.
At ﬁrst, we looked at the number and distribution of BrdUþ
cells within the RMS. Comparison of sections at similar planes
along the medio-lateral axis showed that there are a lot more
BrdUþ cells along the RMS in Sip1-NexCre brains in comparison
to Wildtype (Fig. 6(A) and (B)). We detected an almost continuous
stream of BrdUþ cells at the levels of RMSSVZ and RMSelbow in
Sip1-NexCre, distributed not only along the dorsal and ventral
edges but also within the RMS (Fig. 6(A) and (B)). More impor-
tantly, there are more BrdUþ cells in the mutant RMS and manyof them seem to express GFAP both in the RMSSVZ as well as in the
RMSelbow (Fig. 6(C)–(F). Due to the nature of BrdU staining
(nuclear) and GFAP staining (cytoplasmic), it is very difﬁcult to
accurately quantify colocalisation of the two. Representative
images from the RMSelbow of three different Wildtype and Sip1-
NexCre brains from three different litters is shown in Fig. 6(E)
and (F) and in Suppl. Fig. 3(A)–(D). Our data suggests that the
increased number of BrdUþ cells generated in the mutant dSVZ
get committed to a GFAPþ lineage. We quantiﬁed the proportion
of BrdUþ cells in the RMSSVZ and found a 6-fold increase in
Sip1-NexCre when compared to the Wildtype (Fig. 6(G),
p value¼0.0006, n¼3, from three independent litters). In the
RMSelbow, however, we did not detect a statistically signiﬁcant
increase in the proportion of BrdUþ cells in Sip1-NexCre (p
value¼0.16, n¼3, from three independent litters) (Fig. 6(H)).
Together with our data showing excessive generation of GFAPþ
cells in the Sip1-NexCre RMS, it seems that the expanded pool of
dSVZ cells are precursors of glial tube astrocytes. It is also
important to note that several BrdUþ cells did coexpress the
Fig. 6. Ablation of Sip1 in the neocortex causes increased production of cells in the RMS that seem to colocalise with the elevated GFAP expression at early postnatal
stages. ((A) and (B)) We injected BrdU intraperitoneally at P4 and traced the fate of BrdU tagged cells to P15. Shown here are BrdUþ cells along the RMS on saggital
sections in Sip1-NexCre and Wildtype brains. The white arrows indicate the direction of the RMS from SVZ to OB. ((C)–(F)) In order to characterise these cells, we
performed double-immunohistochemistry with anti-GFAP and anti-BrdU antibodies. Boxed areas in (A) and (B) are enlarged in (C), (E) and (D), (F), respectively. BrdUþ
GFAPþ cells (indicated by arrows) can be seen in RMSSVZ and RMSelbow in both Wildtype and Sip1-NexCre. (G) Quantiﬁcation of the proportion of BrdUþ cells in the
RMSSVZ showed a 6-fold increase in Sip1-NexCre in comparison to the Wildtype (*p value¼0.0006, n¼3, from three independent litters). Error bars indicate SEM. (H) Box
plot showing a similar quantiﬁcation in the RMSelbow. We did not detect a statistically signiﬁcant increase in the proportion of BrdUþ cells in Sip1-NexCre than in the
Wildtype (p¼0.16, n¼3, from three independent litters; D, dorsal; V, ventral; A, anterior; P, posterior). Scale bar¼100 mm.
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would be expected due to cells generated in the striatal SVZ
(Suppl. Fig. 3 (E)–(H)). Due to the nuclear staining of BrdU and the
densely packed cytoplasmic staining of Dcx, it is difﬁcult toaccurately quantify colocalisation of the two. However, based on
stainings similar to the ones shown in Suppl. Fig. 3(E)–(H), we did
not ﬁnd any obvious differences in colocalisation of BrdU with
Dcx in the conditional mutants compared to Wildtype. We also
A. Nityanandam et al. / Developmental Biology 366 (2012) 341–356352found that while the Dcxþ neuroblasts in the Wildtype RMS are
arranged compactly, the same are more dispersed and less
densely distributed in the Sip1 conditional mutants. Moreover
in the RMSelbow of mutants, GFAPþ cells and Dcxþ cells are
closely intercalated with each other, in contrast to the Wildtype
(Fig. 4(G), (H), (J) and (K)). Due to this, many BrdUþ cells within
the mutant RMS might coexpress GFAP but be closely associated
with a Dcxþ neuroblast.
The abundance of Dcxþ cells within the mutant dSVZ (Fig. 2(J))
and the absence of any differences in the proportion of BrdUþ
NeuNþ cells (pulsed at P4 and analyzed at P15) within the RMS,
hinted towards the possibility of excessive and premature neuronal
differentiation within the RMS. However, we found no evidence of
such an occurrence, based on expression of NeuN (Suppl Fig. 4 (A)
and (B)) and HuC/D. We also observed no increase in apoptotic cell
death within the Sip1-NexCre RMS, based on immunostaining for
cleaved Caspase 3 (data not shown). Furthermore, based on our
earlier observation that a higher number of Tbr2þ cells reside
within the Sip1-EmxCre dSVZ (Fig. 3(A) and (B)), we checked
whether this phenotype extended to the RMS as well ((Brill et al.,
2009) observed Tbr2þ cells within RMSSVZ). At P14, while there areFig. 7. Postnatal dSVZ exclusively contributes BLBPþ radial glial/astrocytic precurso
expressing constructs were electroporated into the lateral ventricle at P1 and the fate
dorso-medial neocortex (where the phenotype was the strongest), only one of the two
RMS, we detected most GFPþ cells (indicated by white arrows) along the dorsal edge
NexCre, most GFPþ cells are distributed within the RMS. ((D) and (E)) To characteriz
astrocytic precursor marker, BLBP. In both Wildtype as well as Sip1-NexCre RMS, all G
compact layer of BLBPþ cells can be seen along the dorsal edge, while in Sip1-NexCre
relative thickness of the RMS is shown by Dapi staining. ((J) and (K)) GFAP immunostain
((L) and (M)) In the RMS of both Wildtype as well as Sip1-NexCre, we detected no c
coexpress oligodendrocytic precursor marker NG2 in both Wildtype and Sip1-NexCre.a few Tbr2þ cells within the dSVZ and the RMSSVZ, this number
does not seem to differ between the Wildtype and mutant brains.
Altogether, this indicates that the excess of dSVZ cells that are born
at P4 and that migrate through the RMS differentiate almost entirely
into non-neuronal cells.
Postmitotic dSVZ cells differentiate into BLBPþ precursor cells of the
RMS in both Wildtype and Sip1-conditional knockouts
In order to map the fate of the expanded dSVZ of Sip1-NexCre
more speciﬁcally, we performed a second set of experiments
where the cells of the dSVZ, speciﬁcally those located close to the
midline, were tagged with GFP by electroporating constructs
encoding VenusGFP under the CAG promoter into early postnatal
cortex. Postnatal electroporation has been used by several labs to
target and fate-map precise cell populations (Dasgupta et al.,
2005a; Dasgupta et al., 2005b). Wildtype and Sip1-Nex pups were
electroporated at P1 in a way such that only cells of the dSVZ,
speciﬁcally those in the medial region could take up the reporter
construct; the fate of GFPþ cells was then analyzed a week
later at P8 (Fig. 7(A); the speciﬁcity of the electroporation isrs to the RMS, and not neuronal or oligodendrocytic cells. (A) CAG-VenusGFP
of GFP-labeled cells was traced to P8. In order to ensure speciﬁc targeting of the
hemispheres was injected with the plasmid and electroporated. (B) In Wildtype
of the RMS, with few cells along the ventral edge and within the RMS. (C) In Sip1-
e the GFPþ cells we co-stained saggital sections with radial glial and immature
FPþ cells coexpress BLBP (indicated by blue arrows). ((F) and (G)) In Wildtype, a
these cells are dispersed throughout the thickness of the RMS. ((H) and (I)) The
ing in GFP-labeled RMS shows no colocalisation in either Wildtype or Sip1-NexCre.
olocalisation between GFP and Dcx. ((N) and (O)) Very few GFPþ cells seem to
GFPþ cells are indicated by white arrows. Scale bar¼100 mm.
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anterior parts of the telencephalon would take lesser time to
migrate through the RMS, if at all, than dSVZ cells at more
posterior levels. Hence, only the anterior part of the neocortex
was electroporated (Fig. 7(A)). In Wildtype brains, we found most
GFPþ cells along the dorsal and ventral edges of the RMS
(Fig. 7(B)). On the other hand, in Sip1-Nex brains, we found most
GFPþ cells distributed within the RMS and along the entire
length of the RMS starting from the region adjacent to the dSVZ
(Fig. 7(C)). Immunostainings for various RMS markers showed
that almost all GFPþ cells within the RMS express BLBP, but not
GFAP at P8 (Fig. 7(D), (E), (J), and (K)). We conﬁrmed that they do
not express Dcx, and hence, are not likely to be neuroblasts
(Fig. 7(L) and (M)); also, we detected no colocalisation with the
immature neuronal marker HuC/D or the mature neuronal marker
NeuN (data not shown). We detected very few GFPþ cells in the
RMS of both Wildtype and Sip1-NexCre that coexpressed the
oligodendrocytic precursor marker, NG2, and there was no differ-
ence between the two groups of animals (Fig. 7(N) and (O)). Since
the GFPþ BLBPþ cells did not express GFAP at P8, they were
unlikely to be Type-B cells at this stage (Fig. 7(J) and (K)). However,
recent reports have claimed that GFAPþ cells of the RMS originate
from late embryonic and perinatal radial glial cells expressing
markers such as BLBP, and that GFAP expression within these cells
is not initiated before P13 in mice (Peretto et al., 2005; Schmid et al.,
2006). Together, this observation suggests that the dorsal progenitor
pool at early postnatal stages contributes almost exclusively to glial
cells of the RMS in both Wildtype and Sip1-NexCre. Also, there
seemed to be no obvious differences in the number or proportion of
GFPþ cells within the RMS in Wildtype versus Sip1-NexCre P8
brains (data not shown).
When similar experiments were done at E17.5, followed by
tracing the fate of GFPþ cells to P0–P1, we found a higher
variation in the cell types of the future RMS that are speciﬁed at
this stage (Suppl. Fig. 5 (A), (C)–(E)). As opposed to the GFPþ cells
labeled at P1, these cells comprised of a heterogeneous popula-
tion of Tbr2þ , BLBPþ and Dcxþ cells and other cell types (Suppl.
Fig. 5 (C)–(E)). This is in accordance with previous reports that
showed that only neocortical progenitors at embryonic stages and
not postnatal stages give rise to Tbr2þ cells within the OB (Brill
et al., 2009). To ensure that only dSVZ cells get electroporated in
these experiments, we looked at the localization of those GFPþ
cells that did not migrate into the RMS, and found all of them at
the antero-medial part of the dSVZ, three days after electropora-
tion (Suppl. Fig. 5 (B)). In the event of a non-speciﬁc electropora-
tion, we would expect atleast a few GFPþ cells within the ventral
SVZ, despite the increased rate of cell proliferation in that region
and the consequent dilution of the electroporated plasmid. How-
ever, in none of our electroporation experiments did we ever
observe any GFPþ cell in the vSVZ. Moreover, in electroporations
done at P1, the fact that all GFPþ cells are BLBPþ and that not
even a single one of them is Dcxþ (Fig. 7(D), (E), (J) and (K)) is
added evidence that our targeting was very speciﬁc to the dSVZ
and that we did not electroporate the vSVZ at all, which would be
expected to contribute Dcxþ cells to the RMS at this stage.
From the above data, it is clear that absence of Sip1 in the
neocortex leads to an expansion of the dSVZ, that in turn leads to
an enhanced contribution of the neocortex to Type-B stem cells/
astrocytes within the RMS.Discussion
Based on analyses of cortex-speciﬁc Sip1-conditional knock-
outs, Sip1-NexCre and Sip1-EmxCre, we have identiﬁed a novel
pool of progenitors residing in the neocortical dSVZ (dSVZ) duringearly postnatal stages. When we deleted Sip1 exclusively in
postmitotic cortical neurons (Sip1-NexCre), we found this popu-
lation of dSVZ progenitors to be expanded, with a greater number
of GFAPþ cells in the glial tube, and a denser intercalation of
these cells around neuroblasts in the RMS. The pool of dSVZ
progenitors that we have identiﬁed seems to be heterogeneous,
and includes GFAPþ and BLBPþ glial precursors as well as Tbr2þ
and Dcxþ neuronal progenitors (Fig. 2, Fig. 3, Suppl. Fig. 2).
All these progenitor populations were expanded in Sip1-condi-
tional knockouts. We believe that the postnatal dSVZ progenitors
mainly contribute to GFAPþ cells of the glial tube in the RMS
(Figs. 6 and 7).
Novel heterogeneous pool of progenitors in the
early postnatal dSVZ
We have shown that loss of Sip1 in differentiated neurons
leads to an expansion of Ki67þ , GFAPþ , Nestinþ , Dcxþ and
Tbr2þ progenitors in the dSVZ (Figs. 2 and 3) and of GFAPþ cells
in the RMS (Fig. 4). Since in Sip1-NexCre, Sip1 is deleted
exclusively in postmitotic cortical neurons, and not progenitors,
any effect on the progenitors in the SVZ is likely to be a non-cell
autonomous event mediated by secreted growth factors and/or
cytokines whose expression within cortical neurons is regulated
in turn by Sip1 (Goebbels et al., 2006; Seuntjens et al., 2009). A
similar function of Sip1 was demonstrated by us during late
corticogenesis, where the expression of Fgf9 in cortical neurons is
repressed by Sip1, so that in Sip1 conditional knockouts, Fgf9
levels in the cortical plate are prematurely increased leading to a
precocious speciﬁcation and expansion of the glial precursor pool
(Seuntjens et al., 2009). Here, we propose that Sip1, at early
postnatal stages, regulates the size and speciﬁcation of dSVZ
progenitors that are further speciﬁed into GFAPþ cells of the
glial tube (Figs. 2, 4 and 6). Moreover, we detected no Sip1
expression in the RMS at P15 (Fig. 4(I) and (L)). In situ hybridiza-
tion at P4 and P14 also showed no Sip1 expression in the RMS
(http://developingmouse.brain-map.org/data/Zfhx1b.html, Allen
Brain Atlas), suggesting in turn that the phenotype we observe
in the RMS is not a consequence of lack of Sip1 function in
migrating neuroblasts or the glial tube of the RMS. It seems
therefore, that Sip1 deﬁciency in cortical neurons is sufﬁcient to
inﬂuence the cell fate of dSVZ progenitors even at postnatal
stages, through cell-extrinsic mechanisms. Since Sip1 expression
within the basal ganglia is unaltered in both Sip1-EmxCre and
Sip1-NexCre conditional knockouts, we did not expect any
changes in the stem cell niche of the ventral SVZ at postnatal
stages. Consistent with this hypothesis, our immunostainings
in vivo indicated that there are no obvious differences in the
level of expression of molecular markers speciﬁc to the various
cell types that constitute the vSVZ (Alvarez-Buylla and Garcia-
Verdugo, 2002). Hence, we did not quantify any of these cell types
and we believe that any changes, if at all, would be minor, and
most likely suggest a non-cell autonomous effect of Sip1 on
straital SVZ, which is not directly relevant to this particular study.
The precise time of origin of the neocortical dSVZ progenitors
is unclear. In Sip1-NexCre conditional knockouts, Sip1 is deleted
in cortical neurons as early as E11.5, while in Sip1-EmxCre, it is
ablated as early as E9.5. Therefore, based on our current study, it
is not possible to deduce whether the expansion of the postnatal
dSVZ progenitor pool is due to a speciﬁc postnatal function of Sip1
in the neocortex, or a consequence of the phenotype of Sip1-
conditional knockouts observed at early developmental stages.
Our postnatal electroporation experiments, however, indicate the
existence of dSVZ progenitors that migrate into the RMS, line the
dorsal and ventral edges, and differentiate into BLBPþ cells
(Fig. 7). Moreover, our postnatal BrdU pulse–chase experiments
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(but not the ventral telencephalon) causes an increase in the
proportion of BrdUþ Gfapþ cells in the RMS, suggesting that in
the Wildtype, atleast a subpopulation of GFAPþ cells of the RMS
must originate from the dorsal telencephalon, or more precisely
the dSVZ (Fig. 6). Sip1 deletion-induced changes in this dSVZ,
irrespective of the cause and the time of onset, lead to an
expansion of the progenitor pool causing increased gliogenesis
in the RMS. Therefore, irrespective of whether the expansion is
caused due to a change made during early development or during
postnatal changes, it is clear that there exists a pool of dorsal
progenitors that contribute to RMS astrocytes and that Sip1
regulates their size during development.
The expansion of the Dcxþ and Ki67þ neuroblast population
in the postnatal dSVZ of Sip1-NexCre brains remains to be
investigated further. Since we did not ﬁnd any contribution of
the postnatal dSVZ to neurons either in the neocortex or the RMS
(Figs. 5 and 6), we can only speculate that there might exist a
small transient population of dorsal progenitors expressing Dcx
that might then differentiate into BLBPþ radial glial precursors
within the RMS. At this point, we have no evidence to corroborate
this claim. However, Tamura et al. (2007), documented the
existence of a small transitory population of progenitors within
the adult mammalian neocortex that coexpress neuronal lineage
marker Dcx and oligodendrocytic lineage marker NG2 for a brief
period of time before diverging into neuronal (DcxþNG2) and
glial (DcxNG2þ) lineages (Luskin et al., 1993). Interestingly,
this transitory population was shown not to express another
neuroblast marker PSA-NCAM suggesting a unique function of
Dcx (Luskin et al., 1993). In fact, Steiner et al. (2006) reported the
existence of a small number of DcxþBLBPþ cells in the adult
subgranular zone of the dentate gyrus where BLBP was shown to
be expressed in both type1 (radial glia-like) and type 2 stem cells
(Alves et al., 2002). DcxþBLBPþ proliferative cells have also been
reported in the caudate nucleus of adult rabbits (Ohgushi et al.,
2010). On the other hand, the increase in apoptotic cell death
within the mutant SVZ (Fig. 3(H)–(J)) also suggests that many, if
not all, of the excess of Dcxþ cells might get eliminated before
differentiating into any other mature cell type.
We can safely rule out the possibility of the expanded dSVZ being
Tbr2þ neuronal precursors (Brill et al., 2009). This is because even
the slight increase in the absolute number of Tbr2þ cells in the
mutant dSVZ could be seen only until P8, and not later (at P14). Fate
mapping experiments on postnatal brains (using in utero electro-
poration of GFP-constructs) indicated that all cells speciﬁed at P1
(GFPþ) differentiate into BLBPþ astrocytes by P8. However, a small
fraction of cells labeled at E17.5 do acquire Tbr2 expression by P0,
although this number does not vary between the Wildtype and
Sip1-NexCre (Suppl. Fig. 5(E), and data not shown). The chances that
BLBPþ cells of the RMS will eventually differentiate into neurons
within the OB are very slim since BLBP, although known to be a
radial glial marker, has been largely shown to specify astrocytic fate
(Bhattacharyya et al., 2002; Naqui et al., 1999; Seuntjens et al.,
2009). It is interesting to note that during late corticogenesis (E17.5)
the dSVZ comprises of a heterogeneous pool of progenitors that
differentiate into varied cell types including Dcxþ neuroblasts,
Tbr2þ neuronal progenitors and BLBPþ precursors of Type-B stem
cells and/or astrocytes within the RMS (Suppl. Fig. 5). However, at
P1, the dSVZ no longer maintains this potential and almost exclu-
sively generates BLBPþ precursors (Fig. 7).
Enhanced GFAP expression in the RMS in neocortex-speciﬁc
conditional knockouts
Ablation of Sip1 speciﬁcally within cortical neurons leads to,
during the ﬁrst two postnatal weeks, a thicker and shorter RMS.The shortness is possibly due to the overall reduction in the size
of the brain and an increase in the size of the ventricles, while the
increased thickness could be a direct consequence of overproli-
feration in the dSVZ. A thorough characterization of the cells
constituting the RMS in the mutant and Wildtype, suggests that
there are a lot more GFAPþ cells along the mutant RMS (Fig. 4).
However, since we could not quantify the total number of GFAPþ
cells within the entire RMS of Wildtype and Sip1 conditional
mutant brains, we cannot conclusively rule out the possibility
that the mutant RMS might contain the same number of GFAPþ
cells as the Wildtype but restricted to a smaller area, thus
appearing to be larger in number. For quantiﬁcations, the level
along the medio-lateral axis where the RMS appeared thickest in
both Wildtype and mutant brains, was used as reference.
Some reports have suggested that the neuronal component of
the RMS begins to be assembled already at prenatal stages in
mice; our observations and those of others have clearly shown the
existence of an RMS as early as P0, although the ﬁrst GFAPþ glial
tube cells cannot be seen until about P8 (Alves et al., 2002; Pencea
and Luskin, 2003). Despite the 3-4 increase in GFAP expression in
the RMS at P15, we did not detect premature onset of expression
(checked at P8 at the latest) (Fig. 4). Therefore, we believe that
unlike the neocortex in Sip1 conditional mutants, there is no
precocious gliogenesis in the RMS.
One form of increased gliogenesis (speciﬁcally GFAPþ cells) in
the brain, called reactive gliosis, occurs in response to brain
damage, resulting in the formation of glial scars. Although such
responses do not usually occur in the developing/neonatal brain
(Dasgupta et al., 2005c), we sought to address the possibility that
enlargement of the lateral ventricle might lead to hydrocephalus
that in turn causes enhanced gliogenesis at the ventricle, in our
conditional mutants. Based on our BrdU pulse-chase experiments
reported here and in our previous work (Seuntjens et al., 2009) it
is clear that the proliferating cells at the dSVZ in the Sip1
conditional mutants have a speciﬁed regional fate. While those
generated during late embryonic development contribute to
neocortical astrocytes that migrate out into the neocortex, those
that expand during early postnatal stages differentiate into
BLBPþ and/or GFAPþ cells of the RMS (Figs. 6 and 7). Glial scar
astrocytes would not be expected to migrate out from the site of
injury/damage, hence, it is unlikely that the enhanced gliogenic
response observed in Sip1-NexCre and Sip1-EmxCre is a conse-
quence of an enlarged ventricle. In fact, several conditional
mutants for developmental genes essential for corticogenesis,
such as NF-1 and beta1-integrin, were shown to display reactive
gliosis only during adult stages, not during development (Brunne
et al., 2010; Kruger et al., 2010). Other groups have demonstrated
that even when cortical lesions are performed during late embry-
ogenesis or early postnatal days, reactive gliosis cannot be detected
(based on GFAP expression) before P6/7 (Nieto et al., 2001). In our
mutants, however, the excess of GFAPþ cells are seen only during
late embryogenesis (Seuntjens et al., 2009) and through the ﬁrst two
weeks of postnatal development (Figs. 2 and 4).
Our observations of Wildtype and Sip1-NexCre RMS at P8 and
P15 suggest the gradual progression of the cell fate of astrocytes
residing in the RMS from BLBPþ at 1 week of postnatal develop-
ment to GFAPþ at 2 weeks of postnatal development. This in turn
suggests that the BLBPþ cells (astrocytic precursors/postnatal
radial glial cells) at P8 mature into GFAPþ cells (protoplasmic
astrocytes/Type-B stem cells) by P14. Within the rodent RMS, the
expression of BLBP during the ﬁrst week of postnatal develop-
ment followed by onset of GFAP expression by the end of the
second week of postnatal development, has been reported earlier
(Peretto et al., 2005). Our data also suggests that in contrast to the
Wildtype, there is a greater dispersion of BLBPþ cells within the
RMS 1 week after birth in Sip1-NexCre (Fig. 7(D) and (E)). While
A. Nityanandam et al. / Developmental Biology 366 (2012) 341–356 355in the Wildtype, most BLBPþ cells are arranged along the dorsal
and ventral edges of the RMS, in Sip1-NexCre they are scattered
over the entire width of the RMS, as observed at P8 and P15
(Fig. 7(D) and (E); Fig. 4(C) and (D)). Moreover, the intercalated
distribution of GFAPþ cells around Dcxþ neuroblasts within the
mutant RMS at P15 (Fig. 4(G) , (H), (J) and (K)) is strongly
reminiscent of the dispersed distribution of BLBPþ cells 1 week
earlier. Altogether, our data suggests the maturation of BLBPþ
precursors into GFAPþ cells within the RMS between 1 and
2 weeks of postnatal development (Belvindrah et al., 2007). The
true identity of these cells is inconclusive and hence, debatable.
The lack of sufﬁcient molecular and morphological features to
distinguish between different types of glial cells within the RMS,
makes it difﬁcult to interpret any phenotype associated with
differences in expression of BLBP and GFAP.
Excessive production of GFAPþ cells seems to be associated with
an increased intercalation of the glial tube with the Dcxþ migrating
neuroblasts, and consequently enhanced interaction between these
cells (Fig. 4(G) , (H), (J) and (K)). This inﬁltration of GFAPþ cells into
the close-knit stream of migrating neuroblasts in Sip1-NexCre
brains, might have repercussions on the rate of migration and/or
the level of mitotic activity in the RMS, functions that have been
attributed to the glial tube (Anton et al., 2004; Belvindrah et al.,
2007). Moreover, neuroblasts derived from the vSVZ are known to
exit and re-enter the mitotic cycle repeatedly while migrating along
the RMS (Coskun and Luskin, 2002). In order to ascertain possible
changes in the dynamics of cell division within the RMS, we checked
the expression pattern of proliferation markers like Ki67 and PCNA,
as well as M-phase-speciﬁc phosphorylated Histone 3 (PH3), and did
not observe any differences (Suppl. Fig. 4 (C)–(F)). The physical
interaction of the neuroblasts with the glial tube is crucial in
determining proper migration of neuroblasts. It has also been
established that migrating neuroblasts can regulate the morphology
of the astrocytes of the glial tube in order to create a microenviron-
ment that is conducive for their own migration, using the Slit-Robo
signaling pathway (Sauvageot and Stiles, 2002). Any disturbance in
the relative proportion of the two cell types can therefore affect
neuroblast migration in a variety of ways. Although we did not assay
for the rate of neuroblast migration, based on our BrdU pulse–chase
and the GFP-postnatal electroporation experiments, we did not
detect any obvious differences in the distribution of labeled cells
or of neuroblasts at P8 or P14/P15 within the RMS in Sip1-NexCre
compared toWildtype. This would indicate that neuronal precursors
migrated at the same rate in Wildtype and Sip1-NexCre. However,
we did ﬁnd more P4-labeled BrdUþ cells in the Sip1-NexCre RMS at
P15 in comparison to the Wildtype. Since the RMS seems shorter in
Sip1 conditional knockouts, neuroblasts would need to travel a
shorter physical distance than in the Wildtype. Hence, more BrdUþ
cells remaining in the RMS could also mean a delayed migration in
the Sip1 conditional knockouts compared to Wildtype neuroblasts.
However, we do not have enough data to conclude the same. It is
therefore possible that these GFAPþ cells intercalated with Dcxþ
neuroblasts might have a function that has not yet been reported.
Neocortex-speciﬁc knockout of Sip1 causes increased generation of
GFAPþ cells of the RMS from the expanded postnatal dSVZ
Reports in the past have demonstrated the contribution of
dSVZ to the RMS. In one case, retrovirally tagged dSVZ cells traced
through a period of 3 weeks were shown to generate a continuous
stream of labeled cells that extended over the lateral ventricle,
along the RMS and ﬁnally into the OB. Although these cell types
were not characterized extensively, this study strongly suggested
that at neonatal stages, the dSVZ contributes cells to the RMS
(Suzuki and Goldman, 2003). In another report, a novel class of
Tbr2þ neuronal stem cells was identiﬁed in the dSVZ and shownto generate glutamatergic juxtaglomerular interneurons within
the OB at postnatal and adult stages (Brill et al., 2009). On the
other hand, retroviral fate mapping experiments by other groups
indicated that progenitors within the neocortical SVZ differentiate
into astrocytes or oligodendrocytes that migrate out and settle
within the cortex, instead of following the tangential route to the
OB (Marshall et al., 2003).
Our ﬁndings demonstrate that the dorsal neocortical SVZ con-
tributes GFAPþ cells to the glial tube of the RMS, at least during the
ﬁrst 2 weeks of postnatal development. BrdU-labeled cells speciﬁed
in the neocortex during early postnatal stages differentiate into
BLBPþ cells by the end of the 1st week and GFAPþ cells by the end
of the 2nd week of postnatal development within the RMS (Fig. 6).
In Sip1-NexCre we observed a 6-fold increase in the proportion of
BrdU-labeled cells within the RMSSVZ (Fig. 6(G)). Although we
cannot rule out the possibility that some of the BrdUþ cells
observed in the Sip1-conditional mutants might be cells that were
labeled within the RMS instead of having migrated from the dSVZ,
we expect the proportion of such cells to be similar in the Wildtype.
Consequently, any differences in the proportion of Brduþ cells
within the RMS should be a consequence of the expanded dSVZ in
Sip1-NexCre and Sip1-EmxCre.
There is increasing evidence that GFAPþ astrocytes of the glial
tube are in fact Type-B stem cells that have in turn differentiated
from BLBPþ radial glial cells (Gritti et al., 2002; Parnavelas and
Sladek, 1999). Although the studies thus far suggest that the origin
of these astrocytes must be the striatal SVZ, our observations
strongly suggest that there is a sub-population of dSVZ derived
GFAPþ astrocytes in the RMS. Our fate-mapping studies based on
administration of BrdU and electroporation of GFP-plasmid into the
neocortex at early postnatal stages, show that the pool of progeni-
tors residing in the dSVZ do not contribute to neurogenesis either
within the neocortex or in the RMS. They differentiate into BLBPþ
astrocytic precursors lining the RMS that most likely mature into
GFAPþ cells within the RMS. Moreover, the expansion of GFAPþ
cells in the dSVZ is not followed by an expansion of EGFRþ transit-
amplifying cells, as is the case in the vSVZ during postnatal/adult
neurogenesis. Lack of any changes in the EGFRþ population in Sip1-
NexCre also indicates that the expanded GFAPþ population in the
dSVZ does not contribute to neurogenesis.
In conclusion, we have shown that during early postnatal
stages, the dorsal neocortical SVZ harbors a pool of progenitors
that differentiate into GFAPþ Type-B stem cells/astrocytes of the
glial tube, and that the size and speciﬁcation of this pool is
regulated non-cell autonomously by the expression of Sip1 in
postmitotic cortical neurons during development.Acknowledgments
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